INTRODUCTION
Eukaryotic gene transcription is regulated by specific interactions of transcription factors with their target sites (m-elements) located in regulatory regions (1) (2) (3) , by direct protein-protein interactions between these factors (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) and by interactions between these factors and the components of the basal transcription machinery (14-^46). As a result, within the transcription regulatory regions DNA-protein and protein-protein complexes form patterns, that may determine gene-specific transcription (15, (47) (48) (49) (50) .
Regulatory modules and their hierarchy are among the fundamental features of eukaryotic genes (1, 48, (51) (52) (53) (54) (55) . The lowest level of hierarchy is occupied by binding sites for various transcription factors.
The size of a typical binding site ranges between 5 and 25 bp (50, 56, 57) . Usually an individual site has relatively broad specificity. This implies that it can bind a number of different transcription factors having the same type of DNA-binding domain, or even factors having different types of DNA-binding domain (57) . However, in a particular cellular situation, a site acquires the ability to preferentially bind a definite transcription factor. Binding a transcription factor to the regulatory region is determined not only by the structure of the a's-element, but also by complementarity between this factor and its protein neighborhood, in other words, by its ability to specifically contact, whether directly or indirectly, the factors binding to other sites of the given regulatory region (3, 9, (13) (14) (15) 19, 48, (58) (59) (60) (61) (62) .
Two close binding sites in combination may form a composite element, which is a functional unit with new regulatory advantages due to the specific DNA-protein (63) (64) (65) (66) (67) and protein-protein interactions between frans-acting factors (7, (68) (69) (70) (71) (72) (73) (74) . Structurally similar elements are present in quite different genes, which apparently implies that such regulatory modules are functionally significant. For instance, a composite element containing the AP-1 and Ets-l/Ets-2 binding sites has been detected in the promoter and enhancer of the human macrophage scavenger receptor gene (71, 75) , in the polyoma virus enhancer (76) , in the human collagenase gene promoter (65) , in the enhancers of the human and murine uPA genes (77 and 78, respectively). The composite element that includes the binding sites for Spl and MyoD has been detected in the human cardiac alpha-actin gene promoter (79) and in the promoter of the chicken acetylcholine receptor alpha-subunit gene (80) . Composite elements represent the second level of the hierarchy of the transcription regulatory region. Sets of composite elements, single cw-elements and basal promoter elements (the TATA box, Inr-element) account for the diversity of promoters and enhancers. The hierarchy of the regulatory modules and the functions of each level were considered earlier (55). Functional synergism between sites provides a high level of muscle-specific AChR-a expression. MyoD is a muscle-go specific factor, Spl is ubiquitous.
In this paper, we describe a compilation of 101 composite elements, for which it has been experimentally shown that they do participate in transcription regulation. The compilation of composite elements is presented in the database COMPEL, which is electronically accessible. The compilation corresponds to the status of COMPEL in June, 1995. The two composite elements presented in Table 1 exemplify the lay-out of the compilation.
RESULTS

Composite elements are functional units at the second level of complexity in gene regulation
The term 'composite element' was introduced for the composite glucocorticoid response element in the mouse proliferin gene promoter (70) . This composite promoter element consists of adjacent binding sites for GR and AP-1. GR enhances promoter activity by cooperating with c-Jun homodimers. Many authors apply this term to the cooperative action of different transcription factors binding to their target sites (65, 71, 75, (81) (82) (83) (84) (85) (86) . Schiile and Evans also use this term when different transcription factors bind to overlapping sites in a mutually exclusive manner and produce opposing effects on transcription activity (87) . Additional examples have been found and characterized subsequently. Based on the known examples, we define a composite element as a specific combination of individual elements that exhibits qualitatively new properties, thus resulting in a new pattern of gene regulation. The components may act antagonistically or synergistically and the constituent DNA elements may be overlapping, adjacent or separated by a stretch of less-defined base pairs. However, they act jointly as one functional unit. The present compilation reflects this diversity of composite elements.
The features and functioning of composite elements are briefly described as follows.
Transcription factors binding to the sites within composite elements can interact with each other and/or with the general transcription factors through specific protein domains (36, 41, 83, (88) (89) (90) (91) (92) (93) . General transcription factors are the proteins that assemble into the transcription initiation complex around the transcription start site (TFIID, TFIIA). Besides the DNA-binding domain, transcription factors can carry one or several activating domains (16, 17, 19, (36) (37) (38) (39) (40) (41) (94) (95) (96) (97) and motifs responsible for multimerization (6, 8, (97) (98) . DNA-binding domains allow the factors to bind to DNA, whereas activating domains allow them to directly or indirectly interact with TAFs (17, (21) (22) (23) (24) (25) (26) (27) (28) 38) or with general transcription factors, thus activating transcription (36) (37) (38) (39) (40) (41) 98) . There is experimental evidence for a direct interaction between the activators and TBP (99,100-104), TFIIA (37), TFIIB (36, 45, 105) and TFIIH (39) . In contrast to the conserved DNA-binding domains, the activating domains have a variable structure and amino acid content. There are acidic domains [VP16, GAM, p65(NFKB), ITF-1, ITF-2], proline-(CTF/NF1, AP2), glutamine-(Spl, Oct-1, Oct-2A) and serine-rich (Sox4, ITF-1) activating domains (16, 18, 31, 32, 106) . These and other domains (97, 107, 108) of transcription factors account for the diversity of protein-protein interactions that are important for transcription regulation.
These interactions between upstream transcription factors themselves, and between upstream factors and the general factors can be mediated by DNA looping and protein-induced bending (60, (109) (110) (111) (112) (113) (114) (115) (116) (117) or by nucleosome-mediated static loops (110, 112, 116) . It has been shown that factors such as HMG (113) (114) (115) 117) or AP-1 family members (109), NF-KB (118), TFE-3 (119), SRF (120) are capable of inducing DNA bending, which in some cases leads to new regulation patterns. For example, binding the GR to the corresponding site in MMTV LTR destroys the nucleosome structure of the MMTV promoter and thus facilitates incorporation of other transcription factors (121) .
The diversity of variants of the regulatory complexes, that can be formed on the basis of a given regulatory region, is predestined as its primary structure uses a specific code whose basic units are the transcription factor binding sites. This code is such that one regulatory region containing a set of binding sites can produce, depending on the cellular situation, different variants of transcription regulatory complexes. Each variant is determined by a unique pattern of DNA-protein and protein-protein complexes.
Within composite elements, the binding sites for individual factors may overlap considerably (67, 80, 84) , lie adjacent to each other (84, 85, 91) or may be dozens of base pairs apart (66, 80, 82) .
The distance between the binding sites within the composite elements in the compilation varies between complete overlapping and 80 bp. The mean distance is -17 bp. Transcription factors can interact either directly (by the so-called protein-protein interactions) (68, 69, 71, 72, 73, 74, 81, 88, 95, 122) or indirectly (by DNA structure or by additional protein factors) (77) .
There are two functional types of composite elements, synergistic and antagonistic ones. The compilation contains 82 synergistic and 19 antagonistic composite elements. The types of composite elements and the experimentally determined features of the interaction between transcription factors are in the comment field of the database entries. In the following, we give a brief description of these and of a variety of other important features regarding the functioning of composite elements.
A composite element may be regarded as synergistic if there is experimental evidence for transcription synergism mediated both by its sites and by the interacting factors.
Functional synergism between sites can be revealed by mutagenesis experiments, when one of the sites is to be intentionally destroyed. In this case, the level of activation, provided by the intact composite element, is much higher than the sum of the levels of activation provided by the interaction between either site alone and its corresponding factor (77, (84) (85) (86) (123) (124) (125) (126) . For example, full transcription activation of the mouse serum albumin gene promoter requires binding sites for the C/EBP-related factor and NF-Y (127). The activity, provided by each site alone, was studied in the course of the mutagenesis experiments. It was found that when the NF-Y binding site was mutated, the C/EBP-binding site provides -10% of the initial activation; when the C/EBP-binding site is damaged, the NF-Y binding site provides -25% activation (127) . Thus, the level of activation, provided by the intact composite element, is -3-fold the sum of the activation levels provided by either site alone.
Functional synergism between factors can also be shown to occur by co-transfection experiments, in which activity is measured when the factors act together and separately. In the case of synergism, the level of transcription activation produced by two factors is higher than the sum of the effects produced by each of these factors alone (81, 84, (128) (129) (130) (131) . Thus, factors El2 and Fli.l activate synergistically transcription of the mouse IgH enhancer (132) . In this case, the level of transcription activity is 10-fold the sum of the levels provided by each of the factors alone.
Factors can bind cooperatively to their target sites within the synergistic type composite element (78, 82, 83, 84, 133, 134) , where two factors and DNA can form ternary complexes (85, 127, 128, (135) (136) (137) (138) (139) .
A non-additively strong increase in activity, sometimes observed, possibly arises when one factor stabilizes the binding of another (126, 138) . In other cases, one of the transcription factors may even recruit the accessory factor which alone cannot bind to DNA. For instance, this is the case for the immunoglobulin K and X enhancers, where PU.l recruits NF-EM5 to DNA (86, 140) .
In some cases, formation of ternary complexes has not been reported, yet a direct interaction has been shown between the corresponding factors in the absence of DNA (82, 83, 91, 92, 141) .
The antagonistic type composite elements are elements in which the repressor interferes with the activator while binding simultaneously to DNA (70, 142) . Another situation is when the repressor is displaced by the activator which wins the competition for binding to the same site on DNA (66, 143, (144) (145) (146) (147) (148) (149) (150) . Then the effects produced by the activator and repressor on transcription activity are opposing, which provides for a highly specific expression of the given gene in a definite cellular situation (in a particular cell type, at a stage of cell differentiation or ontogenesis etc.) (63, 80, (151) (152) (153) . For instance, one of the factors, AP-1, inhibits transcription of the rat osteocalcin gene in proliferating osteoblasts (143) . In the terminally differentiated osteoblasts, the vitamin D3 receptor occupies the binding site at the cost of AP-1 and activates transcription of the rat osteocalcin gene (143) . This is why this composite element is necessary for the expression of the osteocalcin gene only in the terminally differentiated osteoblasts. This example demonstrates how the repressor and the activator within the antagonistic type composite elements compete for binding to the same site or overlapping sites.
The mutually exclusive binding of the repressor and activator to DNA, which results from competition, has been demonstrated experimentally for a range of composite elements (80, 143, 145, 148) . Some experimental data imply that both activator and repressor can bind to DNA simultaneously, even within an antagonistic type composite element (70, 83, 142) .
The factors that cooperate at an individual composite element mostly belong to different classes with respect to the structures of the DNA-binding domain. Cross-family interactions between the factors are of great importance for providing highly specific regulation of gene transcription (82, 83, 122, 132, 137, 154) . A summary of the composite elements containing binding sites for factors that belong to various types of DNA is presented in Table  2 . In this Table, all the composite elements from the compilation are summarized.
We have applied a newly developed classification of transcription factors (Wingender, in preparation) . It is clear now that cross-coupling between different factors on composite regulatory elements is a general regulatory pathway. Composite elements targeted by related factor combinations occur in a variety of different genes. For example, the composite elements carrying the binding sites for factors from bZIP and REL classes occur 8-fold in six different genes, bZIP and ETS class factors 9-fold in seven different genes, bZIP and C4 zinc finger class factors 5-fold in four different genes, bHLH and C2H2 zinc finger class factors 5-fold in five different genes (see Table 2 ).
It is clear that transcription factors of bZIP type play a very important role in composite elements. About 40% of the composite elements described contain at least one binding site for the bZIP protein (see Table 2 ).
The individual functional features of each of the factors binding to their sites within a composite element can differ. One factor can be tissue-specific, one ubiquitous (66, 79, 80, 85, 127, 128, 129) , one inducible, one constitutive (74, 93, 122, 126) or both can be inducible yet activated by different molecular signals (70, 133, 141, 143) . The interactions between such elements are exemplified in the compilation, where the functional properties of the complexes are described in the column 'Comments' (see Table 1 ).
Two factors involved in different regulatory pathways, that is, independently regulated by different cellular substrates, can interact within a composite element. In fact, this opens up possibilities for combinatorial regulation, that is, leads to a qualitatively new specificity in gene regulation. For example, the composite element in the porcine uPA gene enhancer contains CRE binding sites for a cAMP-inducible factor and for the porcine homologue of HNF-1 p, which is a liver enriched factor also plays an important role in some kidney-specific processes (155) .This composite element is involved in the kidney-specific response to cAMP induction. Another composite element, which is found in the human serum amyloid A2 gene promoter, is required for liver-specific expression induced by interleukins (IL-1 and IL-6) during acute-phase response. (92, 131) . It has a binding site for C/EBP-fJ (liver-enriched IL6-inducible factor) and a binding site for NF-KB (ILl-inducible ubiquitous factor). Interestingly, the composite elements with similar content are found in the human IL-8 and rat serum amyloid Al gene promoters (134, 156) . The expression of these two genes and the human serum amyloid A2 gene mentioned above rises markedly during acute-specific response (131, 134, 156) . Recently, experimental evidence has been gathered for interaction among three factors in the process of gene-specific transcription regulation (80, 82, (157) (158) (159) (160) . Consider transcription regulation of the rat SAA1 gene. Factor YY1 represses transcription of this gene in non-induced liver cells (161) . When induced by interleukins at acute-phase response, NF-KB displaces YY1 and occupies the binding site (161) . Moreover, NF-KB has been shown to activate transcription induced by interleukins, acting synergistically with a C/EBP family member (156) .
Data presentation
The compilation contains experimentally identified composite elements, each of which consists of two functionally linked sites and the transcription factors binding to them (56, . Table 1 illustrates how the compilation is laid out: Column 1 shows the composite element number; Column 2 the gene and species names; Column 3 the nucleotide sequence of the composite element; the coding and non-coding chains. The positions of the binding site for transcription factors are above or below the DNA sequences. For most elements, positions are provided with the sign '-' which signifies that the elements are positioned upstream from the transcription start site; the positions for mouse IgH enhancer, mouse Ig K and Ig K 3' enhancers, murine Ig X 2-4 enhancer, human TCR-P and 8 enhancers refer to the first position of the characterized enhancer; the positions for the polyoma virus enhancer are given relative to the origin of replication; Column 4 shows the transcription factor names; Column 5 a brief description of the type and number of DNA-binding domains for the corresponding transcription factor; Column 'Comments', the description of each composite element specifies whether the interaction between the sites and between the factors within the composite element is synergistic or antagonistic, the essential characteristics of these interactions are also provided. In particular, we have done our utmost to list all the protein-protein interactions that have been revealed experimentally between the transcription factors. This is of significance, as they play a key role in the functioning of composite elements.
Access to the compilation
The compilation of composite elements is found in the database COMPEL v 1.0 which is electronically accessible by anonymous ftp via internet. Internet address: ftp.gbf-braunschweig.de. Directory:pub/compel. There are several data formats available for the COMPEL. The table of all the compiled composite elements is presented in the files compel.doc (Word for Windows) and compel.txt (ASCII). The file compel.ref is the database flat file containing information on the composite elements in separate fields. Link to other databases on transcription regulation such as TRANSFAC (187) and TRRD (55) is established in COMPEL through special cross-reference fields (188) . The program flatcomp.exe (MS DOS and Windows) is used to retrieve information from COMPEL.
